This study aims to quantify and compare acoustic parameters of the three Thai diphthongs /ia, ɨa, ua/ forensically. The likelihood-ratio approach is applied to the parameterized formant trajectories of each instance of each diphthong. The aim of this study is to assess whether such an approach can be used to effectively distinguish, in a probabilistic sense, two or more speech samples as belonging to the same speaker or as opposed to belonging to different speakers. Formant trajectories were fitted using polynomial interpolation. Likelihood ratio values were derived using the multivariate likelihood ratio (MVLR) estimation approach [1] and then calibrated by using the Log-Likelihood Ratio Cost function -Cllr [2] . Speech samples for this study were obtained from 15 male speakers of Standard Thai who performed various tasks aimed at eliciting speech such as giving directions from a map and reading from a script. Such speech data were recorded over two noncontemporaneous sessions separated by at least a week. The results show that the strength of evidence with calibrated Log10LRs > 4 were obtained with the smallest Cllr of 0.01.
INTRODUCTION

Likelihood Ratio
In comparing speech samples forensically, of which the appropriate terminology is Forensic Voice Comparison (FVC), forensic linguists calculate the probability of observing the similarities and differences between two or more speech samples under the hypothesis that they were produced by the same speaker and under the alternative hypothesis that they were produced by different speakers. The strength of evidence under these two competing hypotheses can be expressed quantitatively in terms of the likelihood ratio or LR.
LR is a component of Bayes' theorem which expresses the strength of a piece of evidence in testing competing hypotheses. Bayes' theorem has been accepted as a logically and legally correct framework in forensic science. One of the reasons is that it clearly separates the task of forensic experts from that of the judiciary. That is, Bayes' theorem states that forensic experts should limit themselves only to the calculation of the strength of evidence given the prosecution and defense hypotheses not the probability of a hypothesis (guilt) given the evidence [3] .
Equation 1 below shows the strength of evidence or likelihood ratio formula (adapted from [4] (1) where p denotes probability, E denotes evidence, Hss denotes the same speaker hypothesis also known as the prosecution hypothesis and Hds denotes the different speaker hypothesis also known as the defense hypothesis.
For example, if the observed degree of similarities/differences had the speech samples come from the same speaker is 90% in probability and if the observed degree of similarities/differences had the speech samples come from different speakers is 10% in probability, then the likelihood ratio is calculated as shown below. 9 % 10 % 90 LR (2) This is equivalent to saying the speech evidence is nine times more likely to have been observed had it come from the same speaker than had it come from different speakers.
Thai Language
To the best of our knowledge, there have been no known legal cases in Thailand that have been decided based on evidence adduced using the forensic voice comparison (FVC) framework. This is not surprising given that there has been conspicuously little research on forensic phonetics in Thai. Since the comparison of voice samples can only be feasible under small within-speaker variation and large between-speaker variation [5] , it is important for the purpose of our work to identify specific forensic-acoustic parameters in Thai that amenable to between-speaker discrimination. This study focuses on the three phonemic diphthongs /ia/, /ɨa/, /ua/ in Standard Thai because of their potential to exhibit greater between-speaker variation and small within-speaker variation.
We focus on Standard Thai because it is the official language of Thailand which is taught in educational institutions, used in media, and described by grammar books and dictionaries. Standard Thai originated from the central region of Thailand, which includes Bangkok and surrounding provinces [6] . As such, all informants participated in this study are fluent speakers of Standard Thai who either come from Central Thailand or other regions but have no accent influenced by regional dialects.
As previously mentioned, there are three phonemic diphthongs in Standard Thai /ia/, /ɨa/, and /ua/. Since each of these diphthongs involves two vocalic targets (as opposed to one vocalic target in monophthongs), they are expected to exhibit greater between-speaker than within-speaker variation, which in turn have potential to be powerful forensic-phonetic parameters. It should be clear at the outset that, the second vocalic target of each diphthong is likely to be phonetically realized as [ə] in connected speech. Moreover, the diphthongs /ia/, /ɨa/, and /ua/ can also be phonetically realized as either short or long. 
METHODOLOGY Informants
Speech samples from 15 male speakers of Standard Thai were used in this experiment. These speech samples are part of a larger database of speech collected from 60 male speakers of standard Thai. The speech samples were collected as the informants were performing a variety of tasks, two of which were conversations staged over the telephone, the third being a reading based task. We refer to the first task as the information exchange task. Each informant was given different versions of a document which contains partially obfuscated content. Some parts of the content which are illegible for one informant are legible for the other and vice versa, thus a conversation between the informants is necessary to piece all the contents of the document together. In the second task, we asked the informants to give directions to different places in Thammasat University. They were asked three questions, for example, how to get to Building No.59 if the starting point is at Building No.9. In the last task, the informants were asked to read thirty-six sentences which cover several tokens (at least six) of each targeted vowel and tone. Instructions pertaining to pronunciation were kept to a minimum. This data collection procedure follows the Protocol for the collection of databases of recordings for forensic-voice-comparison research and practice [8] .
It should be noted here that samples of the diphthong /ia/ were taken exclusively from the mapping task where there were many instances of the [li:əw high tone] per recording for each speaker. Since the approximant /w/ phonetically behaves like a vowel (no air turbulence in the air stream), the acoustic values of /iaw/ were extracted instead of /ia/. There is a good reason in doing so. /iaw/, with three vocalic targets, is expected to exhibit greater idiosyncratic differences between speakers, as oppose to /ɨa/ and /ua/ which have two vocalic targets. In particular /iaw/ enables each speaker to exhibit greater differences in their vowel space.
In contrast, the diphthongs /ɨa/ and /ua/ were taken from the reading task. The underlying reason for taking /ɨa/ and /ua/ from the reading task was due to the comparatively small number of occurrences of /ɨa/ and /ua/ in the mapping task. This is typical when doing forensic voice comparison in a real-world condition because we cannot control over the speech data. Another reason for extracting speech samples from two different speaking styles (conversations and reading) is to see how such speaking-style mismatch performs in Thai FVC.
Recordings
The speech signals were recorded directly into a computer using a professional lapel microphone and stored as WAV files with a sampling rate of 44.1 kHz and 16 bit amplitude resolution. All vocalic targets /iaw/, /ɨa/ and /ua/ embedded in the speech data were manually extracted using Audacity and saved to a separate WAV file. After that, the first four formant values of such vocalic targets were extracted using the PRAAT sound program [9] .
Statistical tools
Likelihood ratios were calculated using the multivariate likelihood ratio formula (MVLR) [1] with cross validation. Two types of speaker pairs, non-contemporaneous same-speaker (SS) pairs and different-speaker (DS) pairs were compared. With the fifteen speakers of this study, 15 SS comparisons and 105 DS comparisons are possible. If the given acoustic parameters are good indicators of the speaker's individuality, the LRs estimated based on the parameters of /iaw/, /ɨa/ and /ua/ should be able to discriminate speech samples well. That is, in the ideal case, the LRs estimated for the SS pairs are expected to be greater than 1.0, while those estimated for the DS pairs should be lesser than one. FVC performance can therefore be assessed in terms of how successfully the LR values predict the individualisation of the speakers.
The performance of the FVC system is assessed using the log-likelihood ratio cost (C llr ) [2] . The C llr value is small for correct LR values (converging to zero when these correct LR values diverge further from one). In contrast, the C llr value is large for incorrect LRs and becomes larger as the incorrect LRs diverge from one. A methodology which yields smaller C llr is better than a methodology which yields greater C llr [10] .
Forensic-phonetic parameters
Instances of the phonetic parameters /iaw/, /ɨa/ and /ua/ of formants F1, F2, F3, and F4 were extracted. The combinations of {F1, F2, F3}, {F2, F3, F4}, and {F2, F3} are taken together for discriminatory purposes. Each formant frequency has distinct properties. Acoustically, F1 inversely correlates with vowel height and F2 correlates with its backness/rounding [4, 11] . In a realistic setting, information about the first formants may be lost due to band-pass filtering over telephone lines. Higher formant frequencies may also be compromised over digital medians such as mobile phones. Furthermore, according to [11] , higher frequency formants "are not uniquely determined for each speaker, but they certainly are indicative of a person's voice quality." Given the individual drawbacks of each formant in an FVC setting, it is prudent to consider all formants as a whole instead of focusing on a particular one. 
Spectrograms
EXPERIMENTAL RESULTS
This section presents the experimental results in terms of the Tippett plots. Since we test the three phonetic parameters /iaw/, /ɨa/ and /ua/ of Standard Thai using three different sets of formants, this section will then be divided into three sub-headings corresponding to each phonetic parameter. Within each sub-section, three different Tippett plots resulting from different formant parameters will be presented.
FIGURES 4(a) -(c).
The Tippett plots of /iaw/ using {F1,F2,F3}, {F2,F3,F4}, {F2,F3} as discriminative parameters, respectively. The curves rising to the right (red curve) represent the cumulative proportion of the SS ( s a m e -s p e a k e r ) comparisons with the log 10 LRs equal to or less than the value indicated on the x-axis while those rising to the left (blue curve) represent the cumulative proportion of the DS (different-speaker) comparisons with the log 10 LRs equal to or greater than the value indicated on the x-axis. Please note that the range of the x-axis is truncated from Log 10 LR = -10.5 to Log 10 LR = 6.5. Dotted lines represent raw same-speaker and different-speaker Log 10 LRs. Solid lines represent (non-cross-validated) calibrated Log 10 LRs.
It should be noted that for calibrated Log 10 LRs (shown in solid lines), all Log 10 LRs were used to calculate the weights of the logistic regression. This means that the calibrated Log 10 LRs were computed in a non-cross- validated manner. If this were done in a cross-validated manner, the Log 10 LRs are likely to be less in magnitude than the values shown in this experiment. Figure 4 (a) shows same-speaker Log 10 LR values between 1 and 2 when tokens of /iaw/ were discriminated using parameters {F1, F2, F3}. When used as evidence these Log 10 LR values provide moderate support to a prosecution hypothesis that suggests that speech samples of /iaw/ come from the same speaker.
The figure 4(a) also shows that around 5% of same-speaker and different-speaker comparisons were counter-factually evaluated when {F1, F2, F3} is used as a discriminatory parameter. All same-speaker speech samples were correctly discriminated (log 10 LR > 0), when {F2,F3,F4} were used as discriminatory parameters with calibrated same-speaker Log 10 LR values were greater than 4, which provides very strong evidence in support of the same-speaker hypothesis. Furthermore, 97% of different-speaker comparisons using {F2, F3, F4} were correctly evaluated (log 10 LR < 0).
The C llr values were acceptably low for all experiments with /iaw/ at 0.11, 0.03, and 0.27 for {F1,F2,F3}, {F2,F3,F4}, and {F2,F3} respectively.
FIGURES 5(a) -(c).
The Tippett plots of /ɨa/ using {F1,F2,F3}, {F2,F3,F4}, {F2,F3} as discriminative parameters, respectively. The curves rising to the right (red curve) represent the cumulative proportion of the SS ( s a m e -s p e a k e r ) comparisons with the log 10 LRs equal to or less than the value indicated on the x-axis while those rising to the left (blue curve) represent the cumulative proportion of the DS (different-speaker) comparisons with the log 10 LRs equal to or greater than the value indicated on the x-axis. Please note that the range of the x-axis is truncated from Log 10 LR = -10.5 to Log 10 LR = 6.5. Dotted lines represent raw same-speaker and different-speaker Log 10 LRs. Solid lines represent (non-cross-validated) calibrated Log 10 LRs. Figure 5(a) shows raw same-speaker Log 10 LR values between 1 and 2 when tokens of /ɨa/ were discriminated using parameters {F1,F2,F3}. This figure also shows that 100% of different-speaker comparisons using {F1, F2, F3} were correctly evaluated (log 10 LR < 0) with 95% of Log 10 LR values greater than -4, suggesting very strong evidence in support of the different-speaker hypothesis.
Furthermore, all same-speaker speech samples were correctly discriminated (log 10 LR > 0), when {F2, F3, F4} and {F2, F3} were used as discriminatory parameters. The calibrated same-speaker Log 10 LR values were between 3 and 4 for the {F2, F3, F4} parameter while they were between 2 and 3 for the {F2, F3} parameter. When used as evidence Log 10 LR values between 3 and 4 provide strong evidence to support the same-speaker hypothesis while Log 10 LR values between 2 and 3 shows moderately strong evidence to support the same-speaker hypothesis. The C llr values were acceptably low for experiments with /ɨa/ at 0.04 and 0.07 for {F2,F3,F4}, and {F2,F3} respectively.
FIGURES 6(a) -(c).
The Tippett plots of /ua/ using {F1,F2,F3}, {F2,F3,F4}, {F2,F3} as discriminative parameters, respectively. The curves rising to the right (red curve) represent the cumulative proportion of the SS ( s a m e -s p e a k e r ) comparisons with the log 10 LRs equal to or less than the value indicated on the x-axis while those rising to the left (blue curve) represent the cumulative proportion of the DS (different-speaker) comparisons with the log 10 LRs equal to or greater than the value indicated on the x-axis. Please note that the range of the x-axis is truncated from Log 10 LR = -10.5 to Log 10 LR = 6.5. Dotted lines represent raw same-speaker and different-speaker Log 10 LRs. Solid lines represent (non-cross-validated) calibrated Log 10 LRs. Figure 6(a) shows that when {F1,F2,F3} are used as discriminatory parameters for speech samples of /ua/, all same speaker and the majority of different speaker speech samples were correctly evaluated. With calibration, many same-speaker comparisons yielded log 10 LR values greater than 4. The C llr value for this setting was 0.01.
Likewise, all same-speaker speech samples were correctly discriminated (log 10 LR > 0), when {F2,F3,F4} and {F2, F3} were used as discriminatory parameters with calibrated same-speaker Log 10 LR values greater than 4, which provide very strong evidence in support of the same-speaker hypothesis. The C llr values were acceptably low with /ua/ at 0.02 and 0.03 for {F2,F3,F4}, and {F2,F3}, respectively.
DISCUSSION
The results suggest that Thai diphthongs are generally amenable to Forensic Voice Comparison when combinations of formants F1, F2, F3 and F4 are used as parameters. In many cases all same-speaker speech samples were correctly discriminated from different-speaker speech samples by parameterizing the speech based on their respective formants. The best experimental result from a FVC perspective, resulting in the smallest C llr of 0.01, was obtained for speech samples of /ua/ using {F1, F2, F3} as discriminatory parameters. We observe that same and different speaker speech samples of /iaw/, /ɨa/ and /ua/ where best discriminated overall when {F2, F3, F4} were used as discriminatory parameters. Moreover, all formant parameters applied to /ua/ were able to yield high Log 10 LR values ≥4.
The table below summarizes the results from the Tippett plots. The columns represent the Log 10 LRs and C llr values of /iaw/, /ɨa/, and /ua/ corresponding to each of the three formant parameters shown in the rows. Table 1 . (Non-cross-validated) Calibrated Log 10 LRs and C llr corresponding to each of the forensic-phonetic parameters for same-speaker comparisons.
Given real world conditions F2 and F3 may be the only formant parameters available in speech data. The above table shows that using {F2, F3} as discriminatory parameters still provides good results, i.e. Log 10 LRs >4 for /ua/ and Log 10 LRs = 2-3 for /ɨa/.
CONCLUSION
This paper presents a study of Forensic Voice Comparison in Standard Thai using the likelihood-ratio approach. Statistical tools such as the Multivariate Likelihood Ratio estimation and the Log-Likelihood Ratio Cost function were used to discriminate same-speaker and different-speaker speech samples of /iaw/, /ɨa/ and /ua/, parametrized by their respective F1, F2, F3 and F4 formant trajectories. The experimental results show that these statistical approaches performed well for all diphthongs, in terms of strength of evidence, especially when the higher formant F4 is used as a discriminatory parameter. Using only F2 and F3 as discriminatory parameters also yielded good results, giving large log 10 LR values except for /iaw/. Finally instances of the diphthong /ua/ is generally easier to discriminate than /ɨa/ and /iaw/, giving the largest log 10 LR values (>4) and the smallest C llr of around 0.01.
In future work we would like to explore forensic voice comparisons of other vowels in Standard Thai such as [iw, ew, e:w, ɛ:w, aw, a:w] and [aj, a:j, ͻj, ͻ:j, uj, ə:j, uaj, ɨaj]. Unlike diphthongs such as /ia/, /ɨa/, and /ua/ which have the same formant structures regardless of their different final consonants [7] , diphthongs with final glides /w/ and /j/ are expected to exhibit more movement in their formant structure which in turn may exhibit greater betweenspeaker variation than within-speaker variations. 
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